Background: Biomonitoring data shows that people are exposed to phthalates, phenols and perchlorates. Many of these compounds are endocrine disrupting compounds that affect thyroid hormone levels. Yet the effect of these compounds on thyroid hormone levels are often evaluated individually rather than as a mixture. Our objective was to examine the association between 11 urinary endocrine disrupting compounds and thyroid hormones using structural equation models. Methods: Using data from the National Health and Nutrition and Examination Survey 2007-2008, we fit a latent variable utilizing urinary measurements of 9 compounds in females (perchlorate, bisphenol A, benzophenone-3, mono-2ethyl5carboxypentyl phthalate, mono-n-butyl phthalate, mono-(3-carboxypropyl) phthalate, mono (2ethyl5hydroxyhexyl) phthalate, mono-benzyl phthalate, and mono-isobutyl phthalate) and 8 compounds in males (without benzophenone-3). The association of the latent variable with serum thyroid hormones (Total T3, Total T4, and Thyroid Stimulating Hormones) was assessed in females (N = 710) and males (N = 850) over the age of 12 controlling for age, race, and urinary creatinine. Results: In males, urinary endocrine disrupting compound levels were negatively associated with thyroxine (β: −0.19, 95% Confidence Interval (95% CI): −0.31, −0.05). In females, urinary endocrine disrupting compound levels were positively associated with triiodothyronine serum concentrations (β: 0.09, 95% CI: −0.03, 0.21) however this association was not statistically significant. Conclusions: This cross-sectional analysis provides additional evidence that environmental exposure to phthalates and phenols is associated with endocrine-related processes. Furthermore, these results suggested sex-specific differences in exposure to endocrine disrupting mixtures, and the exposure-response between endocrine disrupting mixtures and thyroid hormone levels. Specifically, higher exposure to a mixture of endocrine disrupting compounds was associated with lower levels of total T4 in males but not in females. While a structural methodological framework was used to assess these complex relationships, the cross sectional nature of this analysis limits causal inference and further research is needed to determine the clinical significance of these findings.
. These compounds are commonly found in personal care products, food packaging, building materials, and industrial pollution (Hauser and Calafat, 2005; Koniecki et al., 2011; SandborghEnglund et al., 2006; Gonzalez et al., 2006; Gustavsson Gonzalez et al., 2002) . Because phthalates are not chemically bound to the products they are integrated into, they easily off-gas or migrate out of the product leading to human exposure. Some phthalates are also used in medical tubing and devices which can contribute to intravenous exposure (NRC, 2008) . Other routes of exposure to phthalates and EDCs include inhalation of house dust or particulate matter, dermal exposure from personal care products, ingestion from food contaminated with EDCs from contact with food packaging (Sáiz and Gómara, 2017; Lampel and Jacob, 2011; Wang et al., 2017; Liao and Kannan, 2014) . Once absorbed in the body, EDCs can influence the hypothalamic-pituitary-thyroid axis and thyroid homeostasis by binding to transport molecules or receptors (Boas et al., 2006) , mimicking thyroid hormones (THs), or blocking iodine from entering the thyroid (Wolff, 1998) (Fig. 1 ). For instance, if an EDC acts as a TH antagonist this effectively lowers the amount of circulating THs which prompts the hypothalamus to secrete thyrotropin releasing hormone (TRH) which then informs the pituitary gland to secrete thyroid stimulating hormone (TSH) (Zorrilla et al., 2009) . In turn, TSH stimulates follicular cells in the thyroid gland to produce thyroxine (T4) which is converted to triiodothyronine (T3) within cells (Thyroid Hormone Toxicity). In addition to this feedback loop there are other factors that are known to influence THs. Once THs are produced, they interact with almost every cell in the body by binding to the thyroid hormone receptor (TR) and are important for metabolism, growth, bone and heart health, and the respiratory and nervous systems (Thyroid Hormone Toxicity; Hollowell et al., 2002; Chan and Kilby, 2000; Koibuchi and Chin, 2000; Boelaert and Franklyn, 2005) .
Several toxicology studies have explored the association between exposure to single EDCs and THs. These studies show that rats exposed to di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalates (DBP), and perchlorate had decreased blood levels of T4 and T3 (Hinton et al., 1986; Howarth et al., 2001; Mitchell et al., 1985; Price et al., 1988; O'Connor et al., 2002) . Whereas, BPA exposure in rats during development resulted in increased blood levels of T4 but resulted in no difference in TSH blood levels (Zoeller et al., 2005) . Similarly rats exposed to triclosan had increased blood levels of T4 (Crofton et al., 2007) but decreases in T3 (Zorrilla et al., 2009) . In human observational studies, higher urinary metabolites of DEHP were related to lower total T4, lower total T3, and increased TSH among adults (n = 1346) (Meeker and Ferguson, 2011) . Blount and colleagues found a significant positive association between urinary perchlorate and TSH levels in women (n = 1111) and a negative association between urinary perchlorate and total T4 among women with iodine levels < 100 μg/L. No assocation between TSH or T4 were observed in men. In contrast, 12 adults who were exposed to triclosan for 14 days via toothpaste had no significant difference in plasma TH concentrations before and after exposure (Allmyr et al., 2009 ). Similarly, 13 volunteers exposed to perchlorate via spring water exhibited no changes in thyroid hormone concentrations during the duration of the study (Braverman et al., 2006) .
Yet individuals are exposed to multiple EDCs at any one point in time. Thus, it is important to examine the combined effect of these compounds on thryroid hormones. Structural equation modeling (SEM) is a technique well-suited to examining multiple highly correlated environmental exposures on complex biological pathways (Trzeciakowski et al., 2014) . Subsequently, this study hypothesized a priori that urinary concentrations of 11 EDCs expressed as a latent variable would be negatively associated with T3 and T4 levels and positively associated with TSH levels. By utilizing SEM, we are able to address several suggestions for future research put forth by Endocrine Society, as discussed in the Society's Second Scientific Statement on EDCs (Gore et al., 2015) . Specifically, we were able to model a mixture of low-dose exposure to EDCs and investigate the mixture's response on thyroid hormones for each sex. For instance, given that prior epidemiological studies have observed sex-specific relationships between EDCs and these outcomes and important covariates such as menopausal status were present only for females, we examined these hypotheses separately in males and females. It should be noted that in SEM the term "effect" refers to statistical and not causal effect and we use the former meaning throughout the rest of the manuscript. 
Methods

Study design and population
We used data from the 2007-2008 NHANES cycle. While thyroid hormone profiles are also analyzed in NHANES 2009-2010, only free T4 and total T3 were available in this cycle. Thus we limited our analytic sample to data from the 2007-2008 NHANES. This cross-sectional survey collected data on nutrition and health measures from a U.S. noninstitutionalized population by utilizing physical examinations, specimen collection and surveys (NHANES, 2003) . The survey is conducted by the National Center for Health Statistics (NCHS) of the Center for Disease Control (CDC) and the data are publicly available. All protocols were approved by NCHS Research Ethics Review Board (ERB) and documented consent was obtained from all participants (National Health and Nutrition Examination Survey Questionnaires).
Subjects were included in this analysis if data were available on: i) urinary concentrations of the 11 phenols, perchlorate, and phthalates, and ii) serum thyroid hormones. These measurements were assessed only in 1/3 of participants aged 12 and above. Of the 2278 individuals who had their urinary EDCs and blood TH levels measured, we excluded individuals taking medication for a thyroid problem (n = 114) and those with self-reported thyroid problems (n = 72) resulting in 2092 participants who were not at risk for thyroid dysfunction. Out of those participants, we excluded participants who did not complete data on urinary perchlorate (n = 113), thyroid hormones (n = 126), urinary iodine (n = 63), serum cotinine (n = 3), BMI (n = 18), and povertyincome ratio (n = 135), leaving 1634 participants. Ten women were excluded because they indicated they were breastfeeding which can alter thyroid hormone levels (Strbak et al., 1978) . Finally, 64 women were missing data on menopausal status leaving 710 females and 850 males (total 1560) with complete data.
Measurement of chemical biomarkers in urine
A total of nineteen different phthalates, phenols (BPA, triclosan, and benzophenone-3) and perchlorate were measured in the urine of the same participants and used in this analysis. NCHS recommends using chemical data that are above 60% frequency detection (Johnson et al., 2013) . Therefore, only 7 of the 15 urinary phthalate metabolites were retained for use in this study (mono- [2007] [2008] , however since NHANES does not measured every chemical in the same person we were unable to included additional endocrine disruptors because they were not measured in the same subgroup used in this analysis. Phenol analytes were measured using gas chromatograph-mass spectrometry (GC-MS) (Laboratory Procedure Manual Analyte), phthalates were measured using high performance liquid chromatograph (HPLC) with electrospray ionization (ESI) combined with MS/MS (CDC, 2010), and perchlorate was analyzed with ion chromatography (IC) coupled with electrospray tandem MS (Perchlorate) . Samples that were below the limit of detection (LOD) for a selected analyte were assigned the analyte LOD divided by the 2 by NCHS.
Thyroid hormones
Total T3 (pg/mL), total T4 (ng/dL) and TSH (mIU/L) were measured in serum using immunoenzymatic assays described elsewhere , and age (continuous). Smoking status was determined using cotinine values (≤ 10 ng/L cotinine was classified as a non-smoker, > 10 ng/L cotinine was classified as a smoker) (Benowitz, 1996) . Urinary iodine concentrations were investigated as a covariate because thyroxine production is dependent on iodine concentrations (Pedrelli et al., 2010) . For women, menopausal status (pre or post-menopausal) was assessed. BMI was calculated by dividing the weight of the participant in kilograms by the height squared (meters) of the individual (Anthropometry Procedures Manual) and was used as a continuous variable in this analysis. For all questions, responses of "don't know" or refused responses were coded as missing. Finally, urinary creatinine was included as a continuous variable.
Statistical modeling
The concentration of all urinary chemicals, iodine, urinary creatinine, BMI, and THs were natural log transformed to address skewness. Descriptive statistics were calculated using sampling weights for the subsample who had their biospecimens analyzed for phenols and phthalates using Stata for Windows (version 14, StataCorp LP, www. stata.com). To account for the complex sampling design of the NHANES, we used survey variables including stratification, clustering (PSU), and sample weights that corresponded to the weights of the subsample (Johnson et al., 2013) . SEMs were used to evaluate our a priori hypothesis that EDC exposure, defined as a latent variable, would have a direct effect on THs (Fig. 2 ). We modeled a single latent variable to represent the body burden of the available EDCs as a mixture. The SEM models were stratified by sex. Model building and testing of the SEM was performed using Mplus (version 7.4, Muthén and Muthén; www.StatModel.com), although Stata was used to construct the SEM diagram.
In SEM diagrams the latent, or unmeasured, variables are represented by ovals. Measured variables are represented by rectangles. Single headed arrows represent regressions between variables (called factor loadings when an observed variable is regressed on the latent factor it indicates). The small circles designated as ε x are residuals, or unexplained variance. A double-headed arrow between the residuals indicates that the residuals are correlated. In this analysis, the Exposure latent variable is indicated by the available measured EDCs variables but it has no inherent metric because latent variables are unmeasured. In order to set the measurement scale, a measured variable's unstandardized loading can be set to 1. We arbitrarily chose perchlorate's unstandardized loading to be set as 1. Thus allowing us 1) to determine the association of the EDCs with the latent variable despite the EDCs being measured on different scales and 2) determine the association of the latent variable with the outcome variables despite the latent variable having no inherent metric. Subsequently, the standardize parameter estimates can be used to compare the relative influence among variables and are similar to beta coefficients computed in regression analysis. Maximum likelihood estimation with robust standard errors was used as our estimator.
Initially, we created an SEM based on our a priori hypothesis where all available urinary EDCs regressed by urinary creatinine to control for dilution differences in urine samples (Boeniger et al., 1993) . Additionally, we correlated the residuals ε x of phthalate metabolites that shared the same parent compound because they were highly correlated and likely shared a similar source (e.g. MEHHP with MECPP, MnBP with MBzP, MiBP with MBzP) (PubChem Compound Database; CDC, 2009). After these initial models were fit, all EDCs were associated with the latent Exposure. Subsequently, we removed EDCs that did not significantly load (i.e., a p value ≥ 0.05) to the latent variable. We then incorporated thyroid hormones into the model following the a prior hypothesis shown in Fig. 2 . If an association between T4, T3, or THS and the latent variable Exposure were not statistically significant (p value ≥0.05) they were removed. Next, selected covariates were added to the model to adjust latent and endogenous variables because they were perceived to be biological relevant with regards to EDCs and thyroid hormones. After the addition of covariates into the model, some of the relationships between Exposure and THs were attenuated (p value ≥ 0.05). These relationships were left in the model to control for potential confounding. Subsequently, the latent variable Exposure was adjusted for age, race, and PIR, and thyroid hormones were adjusted for age, smoking status, iodine, and menopausal status (females only). Since BMI is related to both thyroid hormones and EDCs, BMI was allowed to correlate with THs and all the individual EDCs (except perchlorate) (Carwile and Michels, 2011; Elobeid et al., 2010; Hatch et al., 2008; Knudsen et al., 2005; Milionis and Milionis, 2013) . Neither age nor PIR were significantly related to the latent variable Exposure (p value ≥ 0.05). Additionally iodine and menopausal status were not significant related to thyroid hormones, nor was BMI correlated with thyroid hormones and most individual EDCs.
Using the a prior SEM model with α = 0.05 and 1-β = 0.08, the minimum sample size was determined to be 210, indicating that both male and female models are well powered (MacCallum et al., 1996) . Global model fit was evaluated using the following indices: Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), Standardized Root Mean Square Residual (SRMR), Root Mean Square Error of Approximation (RMSEA), and the RMSEA 90% confidence interval (RMSEA 90% CI). Due to the concern that BPA concentrations might be a result of external contamination (Ye et al., 2013) , models were run with and without BPA. However, no substantial differences were observed between these two models and we opted to retain BPA in the EDC mixture because it contributed to the latent variable Exposure. Sensitivity analysis showed that a model which included all covariates in the males and female models yielded estimates that were of similar magnitude, direction, and significance. Although the inclusion of the additional, non-statistically significant covariates in each model decreased the values for goodness of fit.
Results
Descriptive statistics
The characteristics of the sample population are described in Table 1 . The mean concentration of T3, T4, and TSH in males was 114.69 ng/dL (112.32, 117.11 ng/dL), 7.35 µg/dL (7.23, 7.47 µg/L), 1.63 mIU/mL (1.54, 1.72 mIU/mL), respectively. In females, the mean concentration of T3, T4 and TSH was 111.79 ng/dL (108.19, 114.70 ng/ dL), 7.58 µg/L (7.40, 7.76 µg/L), and 1.57 mIU/mL (1.41, 1.75 mIU/ mL), respectively. To assess the impact of missing data on the representativeness of the subpopulation used in this analysis, we compared the characteristics of this subsample with the larger population that had measured EDCs and THs. Males included in this analysis were more likely to be Non-Hispanic White, have a PIR ≥ 1, be classified as obese and be a non-smoker than males who were excluded due to missing data. Females included in this analysis were more likely to be older, Non-Hispanic White, have a PIR ≥ 1, overweight, smokers, and pre-menopausal than females who were excluded due to missing data.
We initially created a latent variable based on 11 urinary EDCs which met our criteria of being measured in the same individual at a detection frequency ≥ 60%. However, not all EDCs were significantly associated with the latent variable. Additionally, the number of EDCs that were significantly associated with the latent variable differed by sex. Thus, the latent variable was comprised of 9 EDCs for females and 8 EDCs for males. The mean concentrations and 95% confidence intervals for the urinary analytes that were significantly associated with the latent variable are described in Table 2 . The geometric mean for perchlorate was 4.37 ng/L (95% CI: 3.97, 4.82 ng/L) and 3.48 ng/L (95% CI: 3.08, 3.94 ng/L) for males and females, respectively. The highest geometric mean of the phenols for men and women was benzophenone-3 with a geometric mean of 11.73 ng/mL (95% CI: 8.99, 15.30 ng/mL) and 27.83 ng/mL (95% CI: 19.62, 39.45 ng/mL), respectively. Mono-(2-ethyl-5-carboxypentyl) phthalate had the highest geometric mean of the phthalates with geometric mean concentrations of 34.35 ng/mL (95% CI: 28.75, 41.05 ng/mL) and 31.77 ng/mL (95% CI: 26.43, 38.18 ng/mL) for males and females, respectively.
Figs. 3 and 4 show the fitted SEM for the associations between Exposure and THs for males and females 12-85 years of age in NHANES 2007-2008, respectively. In SEM, coefficients can be interpreted in a similar manner to multiple regression. For males, MCPP had the highest loading of 0.49 (95% CI: 0.31, 0.63) onto Exposure. The SEM models showed that Exposure was negatively associated with T4 (β= −0.19, Fig. 2 . A priori model of relationship between 11 EDC compounds and THs after adjustment for creatinine. The latent Exposure variable represent exposure to a mixture of EDCs. Perchlorate is represented by "Perchlor", benzophenone-3 is represented by "Benzo", and triclosan is represented by "Tri", mono-2ethyl5carboxypentyl phthalate is represented by "MECPP", mono-n-butyl phthalate is represented by "MnBP", mono-(3-carboxypropyl) phthalate is represented by "MCPP", mono-ethyl phthalate is represented by "MEP", mono (2ethyl5hydroxyhexyl) phthalate is represented by "MEHHP", mono-benzyl phthalate is represented by "MBzP", and mono-isobutyl phthalate is represented by "MiBP".
95% CI: −0.31, −0.05) in males (Table 3) . Whereas, in females MCPP had the highest loading on the latent Exposure variable of 0.49 (95% CI: 0.41, 0.58) and Exposure was positively associated with T3 (0.09, 95% CI: −0.03, 0.21) among women after adjusting T3 for age (Table 4) . Fit indices showed that the all models were well above acceptable criteria (Table 5) .
Discussion
In this cross-sectional study of the U.S. population, we observed that exposure to multiple EDCs was associated with modest differences in THs in both men and women aged 12 years and older. Specifically, exposure to multiple EDCs was significantly negatively associated with Total T4 in males but not in females. Multiple EDCs were associated with higher T3 levels in females although there is a possibility that this observation is due to chance. These observations support the hypothesis that exposure to multiple EDCs may alter thyroid hormone levels in the general population, but in a sex-specific manner. However, the clinical relevance of these findings to thyroid disease requires further study.
It is difficult to compare the magnitudes of the estimates of EDCs on thyroid hormone levels observed in our study with previous studies because we used a latent variable to capture the body burden of available EDCs which yields a mixture. This approach is unlike previous studies that describe EDCs body burden using geometric means or medians of individual compounds. In our analysis, the magnitude of an EDC in SEM is relative to the magnitude of the other compound loading onto the latent variable. Conclusions can be made, however, on the presence or absence of EDCs between models and strengths of loadings between individual EDCs within each model. For instance, triclosan and MEP did not significantly load onto the latent variable in either the male or female model. DEP (parent compound of MEP) is found in personal care products like scents or shampoos, medications, and industrial solvent (NRC, 2008) . Triclosan is an antimicrobial agent used in personal care products, such as toothpaste, or in kitchenware and furniture (Calafat et al., 2008a) . Failure to significantly load on the latent variable could represent lack of exposure to triclosan and DEP because these compounds have different sources than the other EDCs which did significanlty load onto the latent variable. It is also possible that these compounds were excreted quickly in the urine and exposure was not accurately captured in the spot urine sample collected by NHANES (Kanetoshi et al., 1988 ; Concise International Chemical Assessment Document (CICADS) 52 (CICADS) 52). Benzophenone-3 loaded on the latent variable in females but not in males. This is not suprising given that benzophenone-3 is a sunscreen agent and females have higher exposure to benzophenone-3 compared to males (Calafat et al., 2008b) and research indicates that the body burden of environmental chemicals differ by sex (Gochfeld, 2007; Vahter et al., 2007a Vahter et al., , 2007b . It is worth mentioning that our analysis provides no information on the association between thyroid hormone levels and the EDCs that did not load on the latent variable Exposure.
It is possible that the loading of each EDC on the latent variable Exposure reflects compounds that come from similar sources and the metabolism of each parent compound. For instance, high molecular weight phthalates, such as DEHP and di-n-octyl phthalate (DOP), are Table 1 Descriptive characteristics for males and females who had their serum analyzed for multiple EDCs that were included in this analysis compared to those that were excluded due to missing data (NHANES 1999 (NHANES -2002 a Weighted using survey variables including stratification, clustering (PSU), and laboratory sample weights. b BMI categories for males and females aged 20 and above were determined using the CDC's definition. BMI < 18.5 is underweight, BMI ≥ 18.5 and ≤ 24.9 is normal, BMI ≥ 25.0 and ≤ 29.9 is overweight, and BMI ≥ 30.0 is obese (Calafat et al., 2008a) . BMI definition for males and females aged 12-19 are determined using percentiles calculated from the CDC growth charts (Kanetoshi et al., 1988 We observed a similair pattern for high molecular weight phthalates having greater loadings than low molecular weight phthalates in the female SEM model. Although it was suprising that low molecular weight phthalates did not represent a greater contribution to the body burden of EDCs given that they are frequently found in cosmetics (NRC, 2008) . Based on the known relationships between thyroid hormones, we observed the expected inverse association between TSH and T4 and positive association between T4 and T3 for both females and males. This makes biological sense because TSH signals the production of T4, and T4 is converted to T3. However, the relationship between the latent variable Exposure and THs differed by sex where higher levels of Exposure were associated with lower levels of T4 in males. Whereas, higher levels of Exposure were associated with higher levels of T3 in females although the strength of this association was weaker and may be due to chance. While these associations support the hypothesis that exposure to multiple EDCs influences thyroid hormone levels at a population level, the clinical relevance of these effects is unknown. TSH levels are used to screen for hypothyroidism or hyperthyroidism. This is because subclinical thyroid disease can have elevated or diminished TSH levels and normal T3 and T4 levels (Hypothyroidism and Hyperthyroidism) . Although our findings are not necessarily informative about the risk of thyroid disease, the observed associations between the latent variable Exposure, T4, and T3 lends biological plausibility to the potential for low level EDCs exposure to disrupt the complex feedback mechanisms between thyroid hormones.
Although limited knowledge exists on how EDCs can disrupt the thyroid feedback loop, it is possible that the synthesis of thryoid hormones after exposure to EDCs is compromised. This would result in the decreased production of T4 which could explain the negative association we observed between Exposure and T4 in males. This theory is based on data from experimental studies which show that perchlorate, phthalates, and phenols can disrupt production by interfering with the sodium-iodide symporter (NIS) and thyroid peroxidase (TPO) enzyme (Breous et al., 2005; Schmutzler et al., 2007; Tonacchera et al., 2004) . Further ways in which T4 levels can be impacted is through disruption of liver function, since the conversion of T3 to T4 takes place mainly in Table 2 Description of the concentration of EDCs in males and females including geometric mean, 95% confidence interval (95% CI), percent above LOD, and percent missing (NHANES 2007 (NHANES -2008 .
Limit of Detection (LOD)
Males ( Creatinine used to adjust urinary EDCs for concentration and/or dilution differences in urine samples.
the liver. For instance, male rats exposed to DBP, the parent compound of MnBP, exhibited increased liver weight, typically associated with liver enzyme induction and decreased T4 blood levels (O'Connor et al., 2002) , which is consistent with our observed negative association of Exposure and T4 in males.
Since we investigated the effects of EDC mixtures on THs separately for males and females, we were limited in the ability to directly compare the directionality and magnitude of the effect estimates of the latent variable on all THs in each sex. The models suggests a sex-specific response between the latent variable and THs, however the models are not identical and are made from different subpopulations so we cannot be certain that the observed associations between the latent Exposure variable and THs differs by sex. However, there are several possible explainations for sex-specific associations between Exposure and TH levels. First, the differences in loadings of individual EDCs on the latent variable between males and females could result in different EDC mixtures, and subsequently different associations between Exposure and THs. Second, hormonal loads (Ahmed et al., 2009 ) and the binding capacity of thyroid hormones may differ by sex (Braverman et al., 1967) , which could affect the relationships between EDCs and THs.
This study has several strengths, including the use of a large nationally representative population which allowed us to control for multiple confounders. By utilizing SEM we were able to extend on previous research by modeling multiple EDCs and examine the associations between environmentally-relevant EDC mixtures and THs. Also, NHANES employs a rigorous quality control program which provides high quality environmental and biological measurements. There were also limitations to this study. While SEM models can be used to support causal inference especially when used in longitudinal analyses with repeated biomarker exposure measurements, the cross- Fig. 4 . SEM of relationship between EDC and THs in females after adjusting EDCs for being Non-Hispanic Black (NHB) and T3 and TSH for age. Not pictured: correlation between T4 and BMI and correlation between BMI and benzophenone-3. sectional nature of this analysis precludes causal assumption. Although the results from this study support the hypothesis that environmentallyrelevant EDC mixtures could affect thyroid homeostasis. Furthermore, the urinary biomarkers used in this analysis are non-persistent and represent relatively recent exposures and that spot urine samples provide only a moderate representation of long term exposure for perchlorates, phthalates, and BPA (Hauser and Calafat, 2005; Mahalingaiah et al., 2008; Mervish et al., 2012) . Another limitation is due to data constraints because NHANES does not measure all EDCs in the same individual. Thus we could only examine a limited number of EDCs and could not examine interactions with other chemicals which might play a synergistic or antagonistic role in the association between THs. In addition, our approach did not take into consideration interactions between biomarkers or other covariates even though SEM models can be used to model interactions. Finally, these findings may not be representative of the general population because the male subpopulation had a different racial composition, and the female subpopulation was more likely to be older, overweight, had more than one birth, and have a different racial composition compared to population that did not have missing data.
Conclusion
Our study determined that exposure to multiple EDCs was associated with alterations in TH serum concentrations and that these associations supported a sex-specific exposure response. By incorporating exposure to mixtures of environmental chemicals we were able to model a more realistic exposure scenario. This exposure scenario showed a negative exposure-response relationship between multiple endocrine disrupting compounds and T4 among males. Future works should focus on modeling additional EDCs and other environmental chemicals which may have an additive, synergistic, or antagonistic effects on EDC's disruption of thyroid homeostasis. Furthermore, it is important that future studies integrate dietary or consumer habits that identify sources of EDC exposure and the resultant body burdens, as well as, estimate the effect of EDC mixtures on thyroid homeostasis and risk of thyroid disease to inform risk assessment and policy decisions.
